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Introdnction 

Aberrant oeU-surfece glycosylaiicn is often strODgly associated 
wilh tumor progression and malignancy.^ These changes in ceU 
surface (WAohydraie patterns prcswnably reflect incomplete or 
novel glycosyhcion in tumor masses. Tr^<l£ in catbohydrate 
expression by difierent tumor types have been noted and icveal 
unusual abundances of such ceU snrface anrigens as a funcnon 
of flie particular tumor. Indeed, oftennmes cartK>liydrare antigens 
can be rather specific to a certain lype of tomor and axe not 
overexpressed or recognized by the immune system in riormal 
tissue.2 The isolation and careful stmctuial identification of 
specific caibohydrate anrigcns overexpressed in cancer cells 1^ 
provided a framework for an aTiack using carbohydraw-basod 
mmor immunOTbeiapy ^ tliesc studies, however, have been 
severely complicaied by the difficult availability of these 
antigens from natural sowes. Obtaining even a milhgtam of 
tumor antisen from coUecUons of canccr<yas tissues is a ^jor 
undertaking. To assess the potential value of carbohydxar^-based 
tumor antigens in medidne, it would be necessary to gam access 
to such agents through chemical synihesis. 

There is a long-term history of vaccines derived from 
abundant bacterial polysaccharide antigens. Ttiese vaccines 
stimulate an immune response, including high titers of antibod- 
ies, which provide addi tional protection ftom subsequent 

* Currenx ^dditsS: EU Lilly and Company, Lilty Corporate Resrtwch 
Ontcr, IttdjaiapOliS. IN 46285. ^ ^ , ^ wt AoAfn 

J cirtru address; Phaimacid CoipornHon, Kslamazoe, MI 49007. 
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bacterial Infectioa^ Similarly, given the presence of nmior 
associated catbohydraie antigens on the sutfece of tumor cells, 
There is reason to hope Oiat vaccination of cancer paaents in an 
adjuvant setting could bring about similar results. The likely 
production of amibodies derived from defined carbohydrate- 
based tumor antigens, in the hope that they would provide 
protection against circulating tumor cells and micrometastases, 
has been a major consideration in tiieir selection for anticancer 
vaccine construction and testing.* At the present time?, several 
preclinical mouse and human clinical trials have demonstrated 
That carbohydrate-bassd cancer vacchies can induce antibody 
responses against tumor-associated antigens. These r^lts 
suggest that uimor immunotber^y employing fully synthetic 
caibohydrstc-based vaccines could hold promise as a means for 
a nontoxic treatment of human cancer.* 

Our laboratory has acnvely been engaged m synihesizmg 
complex oKgosaccharides and glycoconjugatesJ As a result of 
our advances in this area, we began a program some tane^o 
to explore the chemical synthesis of tuino>associated carbo- 
hydrate antigens witii the goal of investigating totally synthenc 
caAohydrate-based vaccines in laboratory and clinica l settiixgs^ 

(4) (a) In PoMUKtt; Recent Trends C^d Pngr^s\ GregQnadij. G-, 
Alli6cirA.C.^O.Ed^^^ New York, 1991. WKubeian, 

B • Linhardt, R. J. Curr. Org. Chem. 2000, 4, 653- 
^•'(5 (a) LWingSicn, P. Zhang. S-; Uoyd. K. 0. Cancer Immunol 
rmmunoiher, 1997, 45, U (b) tUgapaihi, 0. Cancer /imru^o/. Iim^ufinif«r. 
1996. 4:5. 152 aMreffcrenccs therein. kji . f^<,iv«, 

(Si ($i UvinsBiQii. P. 0^ Riiwr, C; SrivMWva, P.: Padavan, M.; Cal^w*. 
M I: Oc^g^Ta ?; OldTt. J. Concerto. t989, 49, 7045. (b^ H«nd^, 

Res. 1989, 49, 98B. (o) F^S, Y. S.: M«Je M.; ^^^^ R., 
L^nccter, B. M. Cancer 1990, $0 4308- <d) Mo^Lram ^ D . 
i^-Yao^hyn, M. B.: Samuel. J.; Micfclc. A.; Swwi, G; N^non^ J.. 
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YacvShyn. M. B,: Poppcina, S.j Lopsencckcr, B- M Ca«fitir/jv«r- 1994. 

0) For A review, sec: Daaijhcfeky* S. U Bilod««w, M. T. An^w. Chem.. 
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hfiilti-Antigemc Vrdmoleculesr Pofyvalera Gfycop^ride 
(a) 



) Antigen ^ spacer 
I Antfflpn j — spaQ«r j 



Anljsm — «pfl«r 



gtycoOptd^KLHoi-both 



FSgura 1. GSycoconjusatc coroptowts of aaliCMicw y»«^;?^- (fj 
oXrimtigcniciVUg^tcd W oarricr pwtcin KLH via reducQVe alkyla^^l 
ofn-^iUyl = 1) Qr;^-t>ent(myl {n = S) elycorides; (b) glycopcpnde- 
pr«$cnted clusicrcd antigens. 

Our continuiiig chemical studies have focused on synthetic 
toethodology of geneita applicability for the pnparatioB of 
mimics of cell surfece carbohydrates in the form of glycopro- 
teins, glyoolipids, and glycopeptides. This progress has aUowed 
us to assemble a nmnber of fully synthetic vaccme constructs 
for cngoiug human cliilical td^s. ^ 

A varieiy of approaches have been adopted to elicit a more 
sustemcd immune r^onsc beyond that triggered by exposure 
to native syntbedc antigens. These anempts mclude chemical 
modification of carbohydrates, additional admini5frati«i of 
immunological adjuvanis, and cavalem altachm^t of caibohy- 
drates TO immwogenic protein carricfs. frcseoHy. we and others'' 
are pursuing vaccine constructs contaimng the desired tumor 
antifien bioconjugated (through a spacer unit) to cainef protem 
keyhole limpei hemocyanin (KLH). These ^jf^f^^f, 
concert with a nonsyndiBtic immunoadjuvant (i.e., 
More specifically, we have investigated both glycolSpid smic- 
mres and dycopeptide structures coiyugated to KLH (FigJirB 
lb). Cova^ modification of KLH with complex carbohy- 
drates was sCCOmpUsbed via reductive amioadon of aldehydes 
derived ftom ^-aUyl and n-petitcnyl glycosides (Figure la) 
The disclosure hciein focuses on new general mcrhodology tor 
the synthesis of glycoamino acids from then- coirespondmg 
rt-peotenyl glycosides and serves to provide mvportani new 
op tions for vaccine development The advances reported below 
have allowed for a unique assembly of » ™ilt»antigc^ 
glyw^ptide coniaining the tumor antigens Otobo-H (MBrl 
antigenX Lewis^, and che Tn antigen. 

Background 

Substantial efforts in our laboratory have been dedicated lo 
the chOTiical synthesis of glycopeptides carrying rumor-associ- 
Bted antigens.i2 Typically, naturally occumng O-glycopeptidM 
and proteins are glycosylated through either ajiomencally 
attached serine or threonine with an a-glycosidic Imkage. For 
example, mucin gl ycoproteins possess amino acid sequences 

<8Uor » <eviffvi^ Of efforts flrom our laborMOry. ^t^\ h ^\ 

R^^94,54, 197. (.)HeUing,f.; Zhang, S.;Sh^^^ 

P.b^^tRei. 19?5, SS, 27M. (4) Reddish. M- A.; Jwkson, L; Kj^ty, 
R.; Qiu, D.: HOrtg, W.; LOngencckcr, B. M- Gtycocor^tfgaK /. 1997, J% 
549 

(10) Uvingston. P. O.: Kc8»nty. R. R.; LongeneoK«r, 8. M.; }^<^ 
O.r C»iv«, m: j. Vmcloe Res. M91, 99. (b) KensU, C. R,; Piltel, O., 
Leiujick. M.; M»«imi, D. ^. /mwuMa/. 1991. „ ^, 

(I I) (4) Benistcin, M. A.; HaU, L. D. Carbokydr. Ra. 19S0. 78. CI. (b) 
Lemieux, R. U. Chm, Sof. Rev., 1978, «3. 
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with a veiy bigh pweentage of seriM and *««fj«f 
wherein the first caAohydtaie nioieiy 's ^Mvasally a-O-h^^ 
?V.acetylgab«tosanufte.» live glycophonn ftmily of a^-Unted 

is a weU-knowa and -studied class of tumor entogerts that cajry 
ihis voique linkage » Much synthetic effort in tius k« has 
focused on liie stereoselective constnictjon of the Damially 
requited a^glycosidic linkage.^ Studies in our own laboratory, 
is on a '-cassetie- modality rather th^ ft .««™aUy 
convergent approach, have been derailed clsewhere-W^ 

The syiuiesis of more readily available and more chemica^y 
stable clycopcpiide analogues has also been advanced m the 
Utenturt" Fot example, CBnked and S-linkcd oUgosacchandes 
can offer increased swbUity to hydrolysis. Furthermore, a«e 
nonnatutal linkages avoid problems associated with fte mst^l- 
ity of the 0-filycosyl serhie." It appears that suitable glyco- 
p^xide mimics can simulate the activity of «i»J^."fve 
ooamerparts. In (he case of enzyme inhibitors uffl»tura^l^^ 
can evai resuli in better therapeunc agents.'* The question 
wheflier glycopeptides derived fiom nonnatiuai ammo acids and 
nonnatiwal linkages can be as immunogenic as their natural 
coimterpara in an anrimmoir vaccine setting has ">f » ^een 
systematically addressed In feci, it may be aaticipaied thar less- 
nawial synthetic compounds may prove to be niore im- 
tnunogenic, because *ey are potentially mora recognizable as 
"nonself by the immune system.''* 

We recently reported a second-generatioo synthesis of the 
MBrl antigen (Olobo-S)" end the total synthesis of the 

^Tsoc. 2m, 122, 7273. (b) S, J. 

n . rtien X. T ■ Sanies D.: Olimsi P. W.; DsiUBheftlty, S. J./ Am. C»on. 

^'n'sHa'^'pSilslcy D. K..J. BhI. Chen l9iS.260. 15510. (b)&ibM*, 
lUnlough, a L.: Rokaw. M. D.; M^gaiten-Blsnilef, J-. Fiaa. 0 K Hogsey. 

iSS3. 23 63. (i) Ktmi. H.: WaWmsna. H. .<f»s«w. Cf,>^->J"^.^ 

iiii H Ppr* W Oiem. 1993, «. 1223 TO Sjtanufc. R. J^^J^- 

winiSfieli g! a.: Iio. Y.: Ogawa, T.; Sclmu*. R. R. &r. y. OrJ. CAinrt. 
1999. Ue7, 7 and iBferwcBS thwein. kji»:,i»>-m,. P • 

OgaCTl. r««A«rf™ «2I. (d) Liebc B.; Kunz. K. 

Tetrahedron Lttt. 1994. Ji. 8777- ^ ^. _ 

(l7>For a review, soe: MMCaurcUe, L- Bcrwm, C. R. f^r. 

Itly«ftej£r, iwa. 753. (f) Ben. R. N.: Orcttaaa. A.; Arya, P^^ 0^ C*^. 

W3. (i) Vincent. S. P.; ScW«yer. A.; Wong, C.-H./, i??^- ^000. ^f; 
4440 wd references thaein. For iT-linkod glyceryl amino Widj, 
Kasfaeck, KeSBlcr, H. XitfAfe. Ann. J997 / 1 63 ihcre.n. 
CIA) KUberg, J.; £loft«m, M Cwrr. Med. Ch^m. 1997. 4. 85^ 
19) See: (a) Stm. Wong. C.-H. An^, Ch^., M £^ 1999, 
i^, 2300. (b) MoUer. B.: Schwb, C; Schmidi, R. EL Ang^y^, Chsm., InU 
"Ed. Engl 199S, ^7, 2893 and rtftreawa therein. 
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Ti,r^ 2. Pcviou. i^unoc^^^gaaon ftoo. NPG^vcd tumor antisen. 1 and 2 newly developed s^ytcami^P acid science. 



fucosylaifid ganfil^osidc of GM, (fticosyl CM,),2i each as its 
corresponding n-pentenyl glycoside (NPG). The (mAb) MBrl 
aniigcn 01<rf3o-H was originaUy isotetod and characttfized 
by Hakomori M al. from the hBdan breast cancer cell Une 
and has subsequently been fiirther charactefizcd as 
being overcxpressed in other lypcs of caicinomas iaclud^ 
colon, prostate, lung, ovaiy. and small cell Inn^ cancers." The 
first generatioo total syoihesU of ihis aniifien by ooir laboratorr 
has culminated in phase It and in human clinical mals usuig a 
fully synthedc Globo-H vaccine against prostate and bre^c 
cancer 2s F^cosyl GMi has been identified as a bighly specific 
marker associated wiih small cell lung cancer ceUs^** and a 
vaccine containing this synthetic antigen is cunenily underBoing 
mouse immunization experiments aimed against small cell lung 

c&ncer.*^ , . j- 

Incorporating the reducing end NPG in xhose earlier stadies 

■ (20) Anen, J. R.; Allen. J- 0-; Williams, L.J-:Ztag. Zjto^, 
A.; SUathi. 0-; Livineswn. P- 0.; Danishcftky. S. J. Chcm. Eur. J, 2000, 

^' (21) Allwv. J. R.; Rasupathi, G.; LivinfiSUKi. G.; Dawshcftky. S. J. J. 
^ Chem. 5oc 1999, 12f, 10875. „.w-«nrL S - 

Sch^iky; L. H.; feiowk. B^.; Soltei. D. J. S/?/.. ftor 1983. 
8934. (b) J&<«incr, E. 0.; Lev«y, S, Soimmo. S-; Ghidom,^ Cancvto. 
S,: ftCfinnagi R.; Hakomori. S. / ^iol. Chem. tSSi, 25P, K773. 

'C23)(i) Livi;sitQa. P. O. Cancer JStol. 1995. tf. 337-366. (b) Zhang, 
S.; Corfoi.C«d5: C; Zhang, H- S-; Rirutcr. V E; AcUuru S.; t^n^Uon. 
w. B,; Uoyd, K. O.; Liviagwon. P. 0. Int, / Cancsr 1997. 5, 

(24) Parte T, K.; Kim, L J.: Hu, Bilodcoa. M, T.; Rfnjl^lph, J- T.; 
. Kwon. DimiBhefeky^ S. h J. Aits. Chsm. Scc, 1996, 118, 1148S 



offered two benefits. The anomeiic 7^pentenyl glycoside linkage 
served as an efficient linker for ixnmunoconjngation to camcr 
protein KtH (see top of Figure 2) and also provided some 
advantages in tenns of syntberic oonv«rgency.«^* Furthermore, 
although unproven at the time of those studies, in the context 
of protecied carbohydrates 1 and 2, the NPG moieties might 
serve as useftil donors for glycosylation, following the pioneer- 
ing work of Fraser^^^eid and associates." 

The comeraplaied next step in our progression to a more 
effective presentatiod of antigens in antitumor vaccines recpiirtd 
an efficient and general way to incorporate diesc two antigens 
into glycopeptides. Initial efforts were directed at performing a 
direct glycosylation of donora I or 2 with cassette acocpior 5, 
which contains the req[Uired serine linkage (Figure 2). 
Unfortunately, these [6 -4- 1) couplings foiled and tbis approach 
was abandoned.^ 

(25) (a) RagupaiH 0.\ Park. T. Zhartg. S-; Kim, 1- <^^*}-; 

sL«^ D^TKirn. I. J.: Kin», H.; SpaWQva, M.; Ponunaxm, W. 0.: Lloyd. 
K. O.; Schcr, H. L; Livingston, P. C; Damjhofeky. S, J. 
Inl. Ek EngL 199?, 563. (c) Slovta, S. Ragupattu, G.; A<mm, S.. 
Unee«. G-fTerry. K-; Kim, Spaswva, M.; 

S J • Schi, H. I. Proc. N<al. Acad Set USJ. 1999, 96, 5710. 

(26) (a) NilsKHu 0.; Manssoa, J--B.; BW2icka, T.; Holmgren, J.; 
Lindholwi, L.; Sorftrtion, S.; Ynr^wn, F,; Svttuwrliolm, L. Ofyc^coJugfiK 
J. 1984, /, 43, (b) Brezicka. F. T.; Oiling. S.; Nilssoo, 0.; Bergh, J.; 
Holmgren, J.; Swison, S.,' YDgvaaon, P. C<wsr Xey. 1989. 49. 1300. 
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Mutn-Antigenic Unimolecular Pofyvatent Gfycop&ptide 
Scheme 1 
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Fortunately an altcfflalxve approach was suggested by the 
results of Tocne and co-workers. THese workers had described 
the catalytic asymmetric hydrogenation of glycosylated enamide 
esters, derived from C-allyl glycosides, to produce caAon linked 
glycosyl serixies." Application of an analogous transformation 
usin^ an NPG as a starting material is suggested in Figure 2.^ 
The new approach anticipated a Homer-Emmons olcfination 
of the protected aldehyde 4 with a suitably protected glycine 
derived phosphonate to give cnanride ester 6. Subsequeni 
catalytic asymmetric hydrogenation would hopefully yield 
diastereomcxically pure glycoamino acid 7, provided the neces- 
sary stCTcoselectivty could be achieved. We recognised that ±c 
resulting glycoammo acid constmct would correspond to a 
nonnatoral linkage between an oligosaccharide and amino acid. 
However, ^ven the impasse reached in moorporating Globo-H 
into a conventiona] O-linked glycopeptide, the possibility of 
gaining access through the use of a NPG spacer domain was 
attractive. In addition, the study of the effect of these types of 
rtonnaturaJ linkages in a vaccine setting would allow for the 
assessment of inducing antibody production against artificial 
glycopeptides. Accordingly, it ^05 toward these directions that 
we nimcd our attentions. Our results are reported m the 
discussion which follows. 

Results and Discussion 

Having prwiously accomplished the synthesis of 1 and 2,^°-^ 
the possibility of a sequence consisting of snitable olefination 
followed by asymmetric hydrogcnarion startine with NPG 
pittcutsots was addressed. We were conscious of the fact that 
in the hydrogenation reaction, the newly generated stCTeogcniO 
center would be five atoxns removed from other chitality in the 

U. E.; M34f en, R,; Robert*. C; f lasw-Rcid, S. O- J. Am. CAcn*. Soc 19g. 
7886. (^Mwitt, J. R.; fr^ei-Rrfd, B. O- J. Am, Chan. Soc 19H 

ChJi IMO. 55. 6068. (c) Mcoioo, D R.; Daij, V.; Fraser-Rcid. B 
OTJ, Am. Chem. Scc 1988, 1 10, 2662. (0 Mooroo, D< R.; Konradfison, P-, 
Fwser-Rcid, B. O. J. Am. CAtfrh. Soc. 1989. J I J, 8540. 

(28) In one iilsianccB, (wi* 1) vro vert a*lo to ohttnA *a conespon*3fing 
onfao ester hepiasaccharide. but this Muopwind proved 10 be unsxable- Tbt 
aynrtiedc ro«ra to 1 does AOl aHow for a change of pr&tecring group at C2 
for an ^ttempi lo suppreSJ wthoacetate ftraiarion, atrf conscqtitnily. the 
iwie was abaadonad. For th« synthcffifi of I. sec tBI 20. 

(29) (a) Debenham, S. D.; Debcnhflm, J. S.: Burk. M. ToOne, b- J 
Am. Chcm. S^c, 1997. PS97. (b) Debcnham. S. D.; Cosfiiuw. J,; Toont 
fi. J. J. Ors. Chcm. 2000, tf^. 9153. 

(30) The tnmsfonnaiion of ihc olcfiAtc unit conwiiied ra w-peniMyl 
rivcosidw » various tpaccf flmcrionaliaes has been dcjcnbed. bee; 
xf^Atig, E.; KwSSiEon, P.; fmscr-Rcld. B. 0. J, Ort. Chan. 2000, 
6S, 958. 
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p^on dr (90%) 



molecule. Although this nonproximity might be favorable m 
terms of promoting the reducrion reaction and might help m 
favoring high diastereoselectiviiy margms. we anticipated (bat 
it could complicate oar analysis of the outcome and separation 
of the products by chromatographic means. Accordingly, as a 
starting pohit, we chose to examine peracetylated lactose 
derivatives as models.*^ The required lactose-derived emwnide 
ester substrate was prepared according to Scheme 1 - Ozonolysis 
of the Nl'Q 8 followed by reductive workup gave the 
corresponding aldehyde derivaiive. The crude aldehyde was then 
subjected to Homer-Emmons olefination using tetrameth- 
ylguanidine and phosphonate 9. Phosphonate 9, whh A^Boc and 
2-(trimethylsilyDethyl ester (TSE) protection," was chosen 
because of the need for the resulting glycoamino acids to be 
orthogonally suitable for peptide couplings in the preseaice of 
aceiale carbohydrate protecting groups. The oEnamide ester 10 
obtained as a single geometric isomer m SS% yield for tiic 
2-step procedure. 

In the hydrogenation of similar C-glycosylatcd enamidcs, 
Toone had reported the use of chiral DuPHOS ligarids as catalyst 
prccuisors^^ and had optiuflized the resulting diastercomeric 
excesses of tiie monosaccharide products with respect to ligand 
and solvent. FoQowing their report, we found optimal conditions 
for asymmetric hydrogenation of cnamide ester 10 to be as 
shown. Ws chose to use the $,S ligand isomer, which has been 
well-characterized in Aesc types of systems to ^ve the S isomer 
jn the amino acid product.^* The protected glycoamino acid was 
obtained in 98% yield and was determined to have been formed 
witb a diaswieomeric ratio (dr) > 20:1. Romarlcably, the r-Boc 
protons are nearly baseline resolved and, in the asymmetric 
reaction, the minor isomer could not be detected by *H NMR- 
i^C analysis also supports the conclusion that the minor isomer 
IS not fortned witiun the limits of NMR detection.^^ Hydrogena- 
tion of 10 with an achiral catalyst (Pd/C, MeOH) produced a 
1:1 mixmre of/?- and .5<?onfigured 11, providing a comparison 
for diastercomeric ratio determination. This reaction also 
indicates tiaat chixality transfer to yield 11 oocms from the chiral 

(31) A deniled account of ibesc model studies wUl be f'Twi^d e^^are. 

(32) (4) Scbmidi, U.; LiebcrknechL A.; Wild, J. Sy»lhesif, 1 W 53 Cb) 
Kawai. M.i NeogL P.; Khami, P. S.\ Buwigai], Y, Chem IWO 577. 

(33^ (fl) Burk, M. J.; Fea*tcr, J. E.; Nu^t, W. A.; Harlow, R. u J. Am. 
Chem. Soc, 1993, //J, 10123. (b) Bprk. M. ^-f 

C. S. 1 Am, Chem, Sov. 1995, //7, 4423, {t) Burk, M. J.; Orw*, M. F.: 
MartinezL J. P. J. Am, Chcm. Soc. 1995, tlS, 9375. (d) Bwk, M. J.; Allen, 
J G.; Kiesman. W. F- J- Am. Chcm. Soc. 1998» 120, 657. , ^ , „ . 
■ (34) (a) Bttrit, M. J. Acc. Chsm. kcs, 2000, 3631; (b) Bufk. M J.r 
Gross. M. F,; Harper. T. O. P.} K^lberg, C. S.: Lk, J. ft.; Mamoez. J. P- 
Pun Appl Chem. 1996, 66,11, ^ . * ^ v„ lu mx/ib 

(35) la all C4S«, the diasietcomcric rwoa weit eeusrnmiea by ' H NMR 
(500 MHz). 
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Ugand and not oaitohydrate-derived substrate oontrol. A final 
siep to be performed prior to moving lo syoihesis and assembly 
of tumor antigens was tttai of demonstrating deprotecxability 
of the blocking groups comained in Ae amino acid side chain. 
In the event, reaction of 11 with TBAF in THF gave acid 12, 
suitably prepared for peptide coupling, in 93% isolated yield. 

Witih The methodology demonstrated in the laciose model, 
•vft moved to our more advanced hexasaccharides 1 end 2 as 
well as to oiher antigens of mtcresL As shown in Table 1, 
olefinatlon of the peracetylated n-pcntenyl glycoside of Globo-H 
1 under the same conditions as those used in Scheme 1 provided 
the conesponding eoamidc ester 15 in 72% yield as a single 
isomer. We were disappointed to find that a similar reaction 
wilh fticosyl GMi hexasaccharide 2 provided 16 in a very low 
yield (10-22%)- Although we do not hatve an ctxplatiaiion for 
this result we note that 2 is the only oligosaccJiaridc on which 
we have anemptcd the olefmation in the presence of a sialic 
acid residue. However, in both cases, through use of the (5, 
5)-Et-DttPH0S-Rh* catalysi system, the hydrogcnarion of 15 
and 16 proceeded in exceUcnt yield, producing 19 and 20 as 
single diastereomers, as determined by NMR analysis. 



Compounds 19 and 20 represent the first examples of synthetic 
glyooamino acids coniaining the complex oligosaecharldes 
Globo-H and fiicosyl GMi. 

We also performed such transfortnaiions on two other 
clinically promising antigens co generate their corresponding 
glycoamino acids. Thus, Levns^ (LeO oligosaccharide has been 
identified as an important anngen for eliciting antibodies gainst 
colon, Hver, prostate, and ovarian carcinomas.^** We have 
previously synthesized both a L&'KUi conjugate vaccme=^ 
and a clustered Le^ glyirapepiide (of natural a-O-linkcd con- 
fifiuiation) glycocOAJUgate attached to either a glycolipid or 
KLH.'^ Our synthetic constructs have been used in iniriatmg 
human clinical crials against ovarian cancer." A Le^-derived 
glyooamino acid synthesized by the procedure detailed herem 
would provide an opportunity to experimentally determine if 
the presence cf the g^-linkage was> indeed^ critical for 
" (36) (a) Lloyd. K. O. Am, J. Clin, Path. 19S7, 57. U9. (b) Lloyd, K.O. 
C^cJr Siol 1991, 2, 421. (c) Yin. B- W.; Ti^sad. C L.; Kj«niurt, K-; 
Ffidcrid. M- 0.; WflUhingw, M,; Kjidiyashov, V.; ttwlcins, W. J.; Welt, 

(37) Dlinishefeky, S. X; B«Jai. V.; Raadolph, J. T; Llfryd. !C- 0- J. Anu 
Chtm.So& 1995. 5701. 
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immwiogeniciiy in these vaccines. We, as well 0$ others,^* have 
also sytjthesized aiid studied cltistered glycopcpti(Jes contaimng 
the In antigen and have evaluated the antibody response to 
vaccination of mice '^^^ The Tn aniieen is also found naturally 
a-O-lmked through serine or thieonbe and is connnonly 
synthesized in tibat fashiott A direct comparison of an KPG 
derived glycoamino acid with the 0-lbked system would now 
be possible. 

The results starting with both Le^ n-pentenyl glycoside 13'-*» 
and the a-linked ^enlenyi glycoside of the Tn anrigen 14 
(GalNAc) are preseaied in Table The pentasaccharide 13 
was availabla as an intcrmediaie in the syntbeg is of Le^ 

(38) (1) Kudiyashov. V.; Kim, M.; RagupaiW 0.; Danii^cfaQr. S. 
J • Livinmton. P. O.; Uoyd, K 0 Canctr /MHumi. Ifnawnorhffr. IPPS, 
4S 281. (b> Sabbatini. P.; Kwdtyashov. V.; Danisheftky, S. J»- LiVinSfK*^ 
P. b.; Ri^athi, G.; Boniinaim, W.: SpWRova, M.: ZatorfikL A." Sptlggs, 
D.; Agbyanian. C; Soignci. S-; Pcywn. M.: 0»PlBh*rty, C; Curon. J.; Lloyd, 

(39) See (a) Tokaywni, T.; Htikcmori, S.: SinghaL A. K- Bioorg. Med. 

Kunz, H. X/T^tfw, Chem., trU, Ed. EngL 1997- {d) Kutt?, H.; Bimbach, S 
Wcting, P. Carhokydr. Res. 1990, 202, 207 and rtfetcnccs thertiTX- 



glycopeptidB Cluster and, consequently, illnsuatcs the potential 
advantage of this strategy. Tlius, if imniunogenicity is retained 
in the axtificial conducts, these NPG-derived glycoainino acids 
offer a much shoner synthetic route to vaccine g lycoconiugates 
than do then- native countciparts, Olefinadon of 13 and 14 was 
unevtntful. and cnamide cstfirs 17 and 18 were obtained io &5% 
and 75% yields respectively, again as single isomers. Mym- 
metric hydrogenation, as before, also produced diastereomeii- 
caUy pure glycoamino adds 21 and 22 in excellent yields. 

With glycoamino acids 19-22 in hand, we were ready to 
proceed to the peptide assembly phase. Immunological studies 
indicate that in general, the clustering of entigens m glyco- 
peptides rtsulis in a more therapeutically useful Immune 
response than wiih singly glycosylated pcpiides.«"^*»* Accord- 
ingly, wc considered a new dfld exciting possibility. To date, 
the clustering of antigens has been accomplished with the same 
aniigen across the pepride backbone. We set out to investigate 
the synthesis of a single peptide ihathos three different antigens 
in a clustered format. 

The rationale for constructing such a polyvalent vaccine 
candidate draws from the potential to provide a more protective 
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iimmuK rt^ponac using vaccination. ComplerncnH»ediaTOd lysis 
of cells b initiated by antibody binding to antigen.*^ Tbe 
effectivwiess of ti>e elimination of pathogens is, tiicretore, 
to antibody oonceDiration, and a polyvalent smicwfe could be 
anticipated to provide more antibody density than a monovalent 
tanunizang agent. Jh additic^i, with *espect to cancer, iucieasmg 
^ number of tumor epitopes (antigen?) involved m a vaccina- 
tion protocol should result in a broader degree of immune 
protection against multiple cancers/^ Therefore, in the conteci 
of caibohydiate-based antitumor vaccines, a polyvalent, mnl- 
tiantigenic attack against cancer warrants experimewal consid- 
eration. Chemical syntiicsis provides an oppommity to merge 
multiple antigens into a single tiierapentic agent Id wtms of 
vaccine development, it would obviously be advanta^ous to 
develop a single molecular vaccine. The incoipoiation of 
individually synthesized mmor autigcns into a single pcpnde 
to yield a unimolecular vaccine of defined chemical structure 
was envisioned. 

Recognizing thai ifae low yields obtained for the synthesis of 
20 would seriously complicate the prcpamuon of significant 
quantities of maierial fbr potential immunological stody, and 
that fucosyl GMi is» in any case, extremely specific for only 
small cell lung cancer.^^ we deleted it from our ensemble and 
chose to construct a peptide containing the Tn antigen, Levwsy 
antigen, and tiws MBrl antigen (Globo-H). Toward this goal, 
we began by modif/ing the Cterminus of our^ eventual 
glycopeptidc to include a coi^ugarion handle for carrier protein 
KLH. The mcicaptoaceteimide unit has proven to be effective 
for this puipose.^* As shown in Scheme 2, the Tn glycoammo 
acid 22 was treated witii TBAF to reveal the corresponding 
caiboxylic acid- Couphnfi witii a diamine spacer tenninatmg 
in a protected xnerc^toacrtamide (AcSCH2C(0)(CH2)3NH27) 
under ihe agency of the BOP reagent (benzotriazoM-oxytns- 
(dimethylamino)pho3phonium hcxafhioropbosphate^^ gave the 
corresponding amide in 54% yield for tiie 2 ?rteps. Fmoval of 
the N-terminal Boc group gave amine 23 as its triflTioroacetate 
salt The next aotigen. Le^. was prepared for coupHng by 
reaction of 21 with TBAF to give acid 24. Coupling of amme 
23 with Le^ acid 24, again with tiie B03P promoter, gave the 
Tn-Ley dipeptidc 25 in 86% yield. Ust, Globo-H glycoamiijo 
add 19 was treated with TBAF to give its correspontUng acid 
26. Removal of Che Boc protecting group in 25, foUowcd by 
coupling widi acid 26 gave The Tn-I^-Globo-K tripepnde 
m 64% yield. Finally, Ihc N-teiminal Boc group was removed 
and the resulting anime capped as its acetate to give tripeptide 
27 in 95% yield (Scheme 2). With all components in place, tiie 
ester and tiiioestcr proxecting groups were removed with 
hydrazine in degassed methanol to give the fully deproiected 
glycopeptidc 2S (Scheme 3) in excellent yield. To the best of 
our knowledge, this represents the first fully deprotected 

(40) l-<?-PciiiGalKAc 14 1^*3 prcpaied fh)m tbe cone»poiidiflg tjicfalo- 
roactomidaic donOf, itscif avtdUbJe 6oin Madorutraiion of the corresponding 
glytal, with low anomerio selectivity. See Supportna Infermauon for 
experimental procedures and spoclrt. 

(41) TomJiA«toii, S. Cwr. Opin. hnmuTiol 1993, i. 83. ^ ^ „ . 

(42) For vacckft str«cgiofl, ^ Woodltod, D. L.; Cole, O. 

P. C. IB CoTKMtpcf in Vaccine Dtivehpment; Kaufinann, S. E^; waiter 
do Gniyter & Co.: Berlaa, 19Wi. . 

(43) Zhing, S.; COrtJon-CardO, a; Zhang. H, S.; RcuttCT, V. E.; Adluii, 
S.;^iamikon: W. B.; Uoyd. K- O.; Livin«SiOfl, P. O. Inf. J. Cancer 1997, 
7B 42 

(44) BTUBglic, HL R. fni. J, Pcpi- Res. 1994, 43, 166. 

(45) Prepared by reaction Of comincTOiilly available fert-bulyl JV-^J- 
ainkop«pyO<arbamate ^ih (5)'acctyhhiOBlycolic add pciuafluoioplicnyl 
«tw fflAMA*Opfo), folkwed by irtattneoi wiih triitluoioacettc *cid. 

(46) (a) C^^B- Domiw, J- Evto, G.; ScWe. C 

1975, UI9. (b) Donnoy, h R.; Cmito, B. Tetroh6drQn Lett, 1979, 3321- 
(c) Doncoy. J- R.; Cosiro. B. Tetrahedron 1981, 37 3699, 



muJtiantisenic glycopeptide, containing three different tumor 
antigens, to be chemically synthesized. 

Construct 28 is being used to addrtss several questions, 
incladiofi the immunogenic performance of the nonnaturaJ four- 
caibon spacer between the peptide and olifiosaochande Oitfi^en. 
m addition, the power of chemical synthesis allows us to address 
tiie question of whether the order of antigens on the peptide 
affects their individual immunogenicity. Toward this end, 
foilowmg an analogous sequence of peptide synthesis, f^y 
deprotected glycopeptidc 29 was also synihestzed TTbs 
construct has Tn at the N-terminus, at the C-ierm^, and 
Gloho-H in the central position. Ck)niuganon to KLH and 
immunological studies with 29. as weH as a direct unmunoiogi- 
cal comparison of 28 and 29, ate underway and wUl be reported 
in due course. 



HD \ 




Summaiy 

A novel preparation of nonnaTural glycoamino acids starring 
fiom /i-pentenyJ glycosides has been achieved with a variety 
of oligosaocharide tumor antigens. With the exception of poor 
results obtained in the olefination of fucosyl GMi, the gyntiietic 
methodology appears to be general and was useful for &e 
preparation of ^ycoamino acids containing the Tn antigen, the 
MBrl antigen (Globo-H), tiie Le^ antigen, and lactose. These 
glycoamino acids can also serve as units for peptide synthesis. 
The synthesis of polyvalent glyoopcptides comainmg ihr^ 
diJ^erent antiramor antigens was accompUshed (23 and 29) Mid 
has been prepared for coiyugadon to a carrier protein m order 
to access the immunogeniciiy for tumor immunotherapy ap- 
plications. In addition, it has not Bscq>ed oor attention that 
monovalent chistcrs of these antigens (fbr example. Globo-H 
and fucosyl GMi) might also be ihcrapcuticaUy useful Those 
results wiU be fonhcoming and will also be disclosed m due 
course. 

Experimental Section 

General Procedure for OleflnatioD, 15. The piepaT»iion of cnamide 
IS (Globo-H) is rcprcsenxatlvc of this procedure. The r^pmtwiyl 
glycoside 1 (55 mg, 0.0322 mmol) was dissolved in 10:10:1 McO^ 
CH2Cl2:pyridine (3 mL, typically 0.05^0-01 M) end cooled to -78 
«C. A sinsam of dry ozone wafi passed through the reactton mixture 
untU a p>l« blue color pcraifited. Tbc ozone source wm removed and 
The reaction vfw stilted at -78 *C for an additional 15 mm, at which 
time a stream of dry nitroecn wa5 applied to remove excess ozoijc 
Dimeihyl sulfide (50 cqnivs. Q.ll S mL) wa^ added to die cooled 

(47) Williams, L. J.; HarriB. C IC; Glun2, P- W.j Dantsheftky. S. J. 
Ttvahedrcn ^ett 2000, 4J, 0503. , 

C4S) Sec ffupplcmeataiy material for spwna of uneraiccnaws. 
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niixTuie, tfec cooluig baih cMOOvcd and the reaction was aUov^ 
to stir 41 rocnn lempcrMuf e for 4 h. The usartion was diluted wixh CHi- 
Cli (10 mLX washed with wAWf (30 mL). and bwk-ociracted wuh 
addiuoKwl CHna2 (2x10 mL). the cosnbined organi* layer dncd 
over anhydrous MgSOi and conccnirated. The crude aldehyde iwas 
(ypicBUy not purified, hut was azeotroped dry with anhydroua bcd2«5M: 
(3x3 OIL) and was used diicDtly in the nexi stcp- 

Phosphonatc 9 (1.20 oquivs, 14 Tug) ^ dis3olved w aDhydrous 
THF (0.3 mLX wwled to -78 'C and tetramcthyl guanidine (TMQ) 
(U5 equivs, 0.005 mJL) was added dropwisc. The reaction siirred at 
-78 for 30 miiw followed by additioii of the emde aldehyde (0.0322 
mmol) in addiW THF (2 x 0.;> mL, typically 0,1-0.02 M wial 
f cactign volume). The reaction was allowed to slir lo room lempaaiu^ 
oven»fiht (10-l5h), was extracted wiOi ElOAc (10 mL), washed wiA 
0 05 M aqueous HCl (50 mL). and back-cxnawcd with additional 
EtOAc (2 X 10 mL). (Note: All of ihe TMG muat be removed pnor 
to asymmciric hydrogcnation.) The combined organie layw dried 
over MgS04. concentrated, and pwdfiod by flash column chiomatog- 
raphy (75% EtOAc/hexanes - 100% EtOAc) to yield ^l^^^^ 
Sde cfiter 15 as a single Uomcr. 72%, white foam: ^/O.SS (100% 
EtOAc); IR (Ct>Ch film) 3373, 2956, 2951 l^f. "^^^ ^^^f ^ 

NMR (CPCb, 500 MHt) 6 6-<S3 (d, IH. ^ = 6.4 Hi), 6.44 {m IH). 
6 07 (bs, }h), 5i6(d, IH. J= 3.1 'fl 
rd. IH J = 3 3 HzX 5.27 (dd, IH. J = 10.9, 3.0 JLc). 5^22 (d, IH, 
^VlS's Ji?7 (m.2H). 5.1S 'H -Z- ^.^H^. f-'^j* 
- 4 9 Hzl 5 09 (c!4 IH. J = 10.7. 7.3 Hz), 5.0S (dd, 1 H, ./ - U -i . 
3.3 < A. 9.6. 3,S HZ). 4.9J (dd, IH. J = 11.1, 3.4 

Hz), TaS (dd, IH J = W. 8.0 Hz). 4.73 (dd. IH, ^ = 10.9, 2.5 Hll). 
!G0-4.38(m.6I^,4J4^ lH.y= " H^). 4.26-4.21 («,3I». 4.16- 
4.02 (m, «H), 3.98 (d. IH, y - 2.0 Hz), 3.94 (l, IH, 7 = 6.4 Hz), 
J.86-3.72 (ffl. 6H), 3.60-3.37 (m. IH), 3.48-3.46 (m. IH). 2-94- 
2.89 (m. IH). 2.17-2.14 (m. IH), 2.11-2.08 (m, IH), 2.W (s. 3H), 
2.038 (B. 3H), 2.033 (s, 6H). 1.99 (s. 3H), 1.98 fe SI^, 1-97 {s. 3^ 
1.967 6^ 3H . 1.962 (3, 3H), 1.95 3H). J . 92 (s. 9H). 1.89 (5. 3H). 
1.857 Cs. 3HX 1.854 (e, 3M), 1.7« (s, 3H). 1.63-1.59 2*0' ?; 
9H), 1.04 (d. 3H, J= 6.5 m. 0.93 -0.90 (in, 2H). -0-0« (»■ ''^ 
NMR (CDCU, 125 MHz) * 172.20. 171.44. I7m 17a«. TO-". 
170.48 170.44. 170J6. 170.29. 170J1, 170.17. 16957, 169.ffl, 69.49. 
169J1. 168.85. 164.78, 153.19, 134.70, 126.60, 102J5. 101.99. 101.26. 
100.25, 99.12. 998.66, 94.21. 80.M. 76-88. 75.98, 73.61, 73 J6, 73.08. 
72.80. 72J6, 72.37. 71*1. 71.68. 71-46, 71.28, 70.78. TO.69. 70.67. 
70.37, 70.06. 70.01. 6852, 68.82. 67.99. 67.95. 67.54. 67J8, 66.94. 
64.42^ 62.14, 61.67. 6159. 61.09, 60.92. 56.16. 28-12. 27.98. 24.52. 
23.80, 23.03. 20.81, 20.73. 20-70. 20.68, 20.64. 20.60. 20.59 M.54 
20.46 20.40. 17.37. 17^4. 15.85, 15.48, 14.01. -1.5S; HRMS (FAB) 
cald. for C«M,jiNrf)s,SiNa, 2079.7145; fouad, 2079.7174. 

General Procedure foir Aquametrlc Hy«'»8«*««'V "™?LS^ 
iiwat dooxy0a«=d«mosi*cie. [(COD)Rh-((i 5)-Et.DuPHOS)rOTr 
(0 COS mmol. S mol %) and iho desired cnamide ester (O.lOO^ol) 
wort dissolved in dwxyB««ed anhydrous THF ( 1 0 mL, O-Om » * 
F!»«hoi-Portcr wte. The rMction vessel wbs pressurized witii 50 
of Hi after three vwmm^i cycles and sfined « 25 for 24-36 h 
or rninl flic itacrion turned fioro Ught omfie to brown in color. The 
vessel w»s dcptessutfeod, and aio inixiure wis cooccntrMod aodpanficd 
through » short plug of silicB gd » yield ihe glyooaimiU) aadL 

General Procedure for AP-Boc Deprotectton. The desired gly- 
eoamm» acid (O.lOO minol) *»s dissolved to CHrf:i» (3.0 mL) with 
stmifig. Trifluofoaccdc add CTPA) (3.0 mL) wis added <lropwise, sad 
the reaction was sdired »i roum remiiBnituro for l h. The mbnuie was 
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ihcD coacentratod with a stream of dry N, and azeotroped vrtth 
Sdrous bcnrene (2 x 5 mW to give ihc «n«}e mme a. ,ts T^A 
S8U: which was typicaUy used witficulfiirtherpunficatiofl. 

General Procedure for TSE Ester »eP'J*«*»'»;,^"' 
glyeoanino add (0.100 aiiool) was dissolved m ™f (l-O-^-'' 
Ind cooled ,0 0 "C. A 1-0 M solution ofTBAF m THP (0.250 nm»l. 
2 5 cquivs) was added diopwise, the iee baft was removed and Iho 
rewlioa was Stirred at itjomiempetaruTB for 1-2 h, as judged by TLC. 

OJous: prolonged rcadion timet. i.e., =-10 h. tnay msult <>««':fy- 
i2t) The reaction Mixture *asdautedvithCH.Ct(lO m^^^ 
with 0.05M aqueous HCl (50 mL), and backHWtractcd wilh addiUonal 
CfcCli (2 X 10 mL). The combined orgaoio layer was dried ovct 
anhydious MeSO. and concenirated. The crude aeid Wjf IJ^^^ 
^outforthlr purification AeidX2: '"^J^^^^^]! 
5 22 fd. IH. y = 2.8 Hz), 5-07 (I, IH, J = 9 J Hz), 4.98 (d<J, IH, ./ - 
1m S 9 K 4.84 (dTlH. J= J0.4. 3.5 Hz). 4.75 (dd. IH. J= 9^. 

0 Hz). 4^-«5 (m. 2H). •« V^^^^^f 

94 fm 4H1 3 77-3.65 (m. 5H), 3^9-3.45 {m, IH), 3-37- 
t: 3 (i^A 3.*?-3'oV(.i. 110. 2.03 3H), 2.00 (s, 3H)^96 (s 
3H). i54 (s. 3H), 1.92 (s. 3H). 1.84 (S. 3H), 1.51-1.46 (m. 4H), 1.32 

* General Procadure for BOP Acagent-^Promoted Pep«da Cou- 
alinE, The desired amine and acid (oquimoiar artountB) were azcoiroped 
wgc&er wiib anhydrous benzene aad dried under hi^ vacmiin. The 
mature was dissolved in CH,Cla (0.1-0.05M), SOP rwgeni (105 
oquivs) wss added, and ihc solution we* cooled to 0 ov<t ISmiii. 
rdropwiso ^idditioD of Hunie'fi base (15 cquSvs) was ^^ov^ hr 
removal of tbe ice bath. The reaction was stirrod &i room tempcratnrc 
for 2-4 h, M judged by TlX- Concentration of the reaction raixmre 
was followed by purificarion by fla^h column chromatography. In cases 
wbcrt byproduct HMPA was difficult tn remove, Ac peptide was 
subjecwd (o sephadex purificatioo (LH-20, MeOH). 
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Supporting Information AvailaWe: Tabulated 'H and "C 
NMR spectra, IR and mass spectral data for all compounds; 
detailed ocpenmental procedures for the pn^afation of peptides 
25 27 and 2S; *H and ^^C NMR spectra for compounds 14, 
21, 22, 25. and 28; NMR spectra for compounds 
16, 27, 29 and for nonnumbered inienncdiaies en route to 28 
and 29; and syntheric procedures for ihe pteparaiion of 14 
(PDF). This material is available free of charge via the Internet 
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